The behaviour of two-phase air-water mixture flowing from the horizontal to the vertical 
Introduction
Bends are present in much industrial equipment, e.g., heat exchangers, chemical plants, transport piping, thermal-hydraulic reactor system etc. One peculiar and complex characteristics of the bend flow is the establishing secondary flow, which is already well known from single-phase liquid flow. When the fluid flows through the bend, the curvature causes a centrifugal force, directed from the centre of curvature to the outer wall. This force and the presence of a boundary layer at the wall, respectively fluid adhesion to the wall, combine to produce the secondary flow ideally organised in two identical eddies. Basically, the fluid in the core moves outwards and in the region near the wall inwards. The secondary flow is superimposed to the main stream along to the tube axis, imposing a helical shape to the stream lines Azzi et al. [1] .
When positioned vertically, bends involve the simultaneous action of centrifugal, gravitational and buoyancy forces, which leads to complicated flow behaviour such as inhomogeneous phase distribution, flow reversal, flooding, secondary flow and coalescence.
These latter can produce corrosion and consequently pipe damage. As consequence, the understanding of the flow behaviour upstream, through and downstream the bend is of prime importance in the design of the devices where they are present.
In single-phase flow several studies are reported in the literature regarding these aspects while in two-phase gas-liquid comparatively less work has be devoted to and more particularly for the vertical 90° bends where very few studies are cited.
Azzopardi [2] in his review on two-phase flow through fittings discussed the flow structure of a two-phase mixture flowing through 90° and 180° bends. He found that there were more publications about 180 bends than 90 ones. Of the papers on the latter type of bends, several were about the pressure losses occurring at the bend such as Azzi et al. [1] .
For analysing the two-phase mixture flowing in a circuit including a 90° bend three flow orientations have been investigated. Vertical to horizontal Gardner and Neller [3] , Maddock et al. [4] and Abdulkadir et al. [5] ; horizontal to horizontal Ribeiro et al. [6] , Sekoguchi et al. [7] , Sánchez Silva al. [8] ; horizontal to vertical .Legius [9] , Omebere-Iyari and Azzopardi [10] . Table 1 .summarizes the orientation and the pattern of the flow by author. Omebere-Iyari and
Azzopardi [10] Horizontal Vertical Slug
Gardner and Neller [3] reported that for the case of a bubble/slug flow upstream of a 90° vertical bend, in the bend the gas can flow either on the outside or the inside of the bend depending on the balance between the centrifugal force tending to push the liquid phase to the outside and the gravity forcing it to the bottom, resp, inside. The competition between these two forces is expressed by a Froude number, Frθ=V 2 /gRsinθ, where V is the mixture mean velocity, R the radius of curvature of the bend and θ the bend angle. It is claimed that both phases are flowing in radial equilibrium when the Froude number is equal to unity : for a value in excess of one the gas is displaced to the inside of the bend, while in the other case of a number less than unity the gas moves to the outside of the bend.
In order to study the repartition of the film thickness of an annular flow through 90° bend, Maddock et al. [4] used a series of 30 to 90° bends at the top of a vertical pipe. They reported the results of the circumferential variation of the film thickness as well as the cross sectional variation of the droplet flowrate.
More powerful modern advanced instrumentation, Electrical Capacitance Tomography (ECT) and the Wire Mesh Sensor (WMS), was employed by Abdulkadir et al. [5] to analyse the effects of a 90° bends on two-phase gas-liquid flow. The ECT probes were mounted 10 diameters upstream of the bend whilst the WMS was positioned either immediately upstream or immediately downstream of the bend. The downstream pipe was kept horizontally while the upstream one was positioned either vertically or horizontally. The characteristics signatures of Probability Density Function (PDF) obtained from the time series of crosssectionally averaged void fraction data were utilized to identify the flow pattern upstream and downstream the bend. They remarked that bubble, stratified, slug and semi-annular flows were present downstream the bend for the vertical 90° bend while for the horizontal 90° bend, the flow pattern exhibited the same configurations as upstream the bend.
By using the Laser diffraction technique, Ribeiro et al. [6] measured the Sauter mean diameter of the drops upstream and downstream a horizontal 90° bend. They found that the bend increases the diameter of the drops. They suggested that this increasing is the result of several processes occurring at the bend, such as drop coalescence and deposition and re-entrainment.
The static pressure along pipes upstream and downstream 90° bends,with both pipes on a horizontal plane, was measured by Sekoguchi et al. [7] using water manometers. They found that the maximum value of the recovery length downstream the bends was about 150 pipe diameters for the flow conditions and bend geometries investigated, while the upstream developing length was found considerably smaller.
Using conductive probes consisting of pairs of flush mounted metal rings, Sánchez Silva et al. Legius [9] analyzed the effects of a vertical 90º bend on the two-phase flow behaviour in a flow line/riser system experimentally and numerically. He found that slug formation is promoted by the presence of the bend. Under most of the experimental conditions studied, a fully developed slug was observed just downstream the bend. At higher flow rates is can develop into churn flow. The slug in the riser part is the origin of a continuous process of liquid fall-back to the upstream horizontal duct through a liquid film. This liquid film is moved upstream as waves, destabilizing the horizontal stratified flow in the process.
Moreover, by using a visualization technique and responses of the pressure transducers, the author proposed flow regime maps for the horizontal pipe and the riser respectively. However no details concerning the slug characteristics (structure velocity, length and frequency of the slug) are given.
Omebere-Iyari and Azzopardi [10] , presented the time varying void fraction data and flow pattern information for the two-phase nitrogen-naphtha mixture flowing in a 189 mm diameter and 52 m high and compared their results for the same riser when it was connected to an upstream horizontal pipeline of the same diameter. They found that the slug flow formed in the upstream horizontal pipeline at high liquid flowrates is propagated into the vertical pipe and is absent in the same riser when the gas and liquid phase are introduced at the riser base.
It appears from this review that there is a lack in the analysis of the behaviour of gas-liquid mixture passing through a circuit constituted by a flow line, a 90° bend and a riser; and more particularly downstream the bend. The present work is an attempt to fill this gap.
Experiments
A schematic diagram of the experimental apparatus installed at the Laboratory of Multiphase
Flows and Porous Media of the University of Sciences and Technology Houari Boumedien, Algiers, is shown in Figure 1 .
Fig. 1 Schematic diagram of the experimental facility
The test section consists of a horizontal pipe preceding a 90° the bend and followed by a vertical outlet pipe. Each pipe was 5m long (about 150 pipe diameters to ensure the full development of the flow). These pipes are made from transparent acrylic resin (PMMA), which permitted observation of the flow pattern. The inner diameter and the thickness of the straight pipes are 34 mm and 4 mm respectively. The 90° bend made in Perspex has been machined using a CNC machine. Thus, after achieving geometrical pieces in the shape of half torrus with 17 mm from plates of 20 mm thickness, these pieces are glued, bolted and pasted to the flanges to give the final form of the bend. The relative bend curvature is equal to 5.
The mixing unit (Mixer) made of Polyvinyl chloride (PVC), is consisted of a section of pipe wall with 64 holes with 1 mm diameter spaced equally in 8 columns over a length of 80 mm.
The liquid was introduced into an annular chamber surrounding this section of pipe, creating thus, a more even circumferential mixing effect.
The water is drawn by pump from a storage tank acting as two-phase separator to the mixer where it is mixed with air supplied from the compressor. This latter is an electro-compressor (GIS, GS/35/500/600) of 500 l capacity, 11 bar maximum pressure and 600 l/min maximum flowrate.
Downstream the mixer, the air-water mixture flows through the flow line (horizontal pipe), the bend, the riser (vertical pipe) and finally to the storage tank, where the gas and liquid phase are separated. The water is recirculated and the air is released to the atmosphere.
Air and water flowrates are measured using one each of the rotameters (variable area meter with rotating float) mounted in parallel before the mixing unit. Two for the gas phase (1 -15 l/min) and (15 -150 l/min); and two for the liquid phase (50 -400 l/h) and (0.5 m 3 -3 m 3 /h).
The maximum uncertainties in the liquid and gas flow rate measurements are 2%. The static pressure of air is measured prior entering the mixing section. A thermometer with a precision of 0.1°C is used for temperature measurement.
The conductance probe technique has been chosen to measure the average void fraction in the cross section of the pipe. The void fraction is by definition the section occupied by the gas phase divided by the cross section of the pipe. Water behaves as an electrical conducting solution and air as resistive medium. In this technique, the cross-sectional averaged void fraction can be estimated once the relationship between electrical impedance and phase distribution has been established. Tsochatzidis et al. [11] , Fossa [12] , Abdulkadir et al. [13] are among other researchers who used this technique successfully.
Nine ring-shaped plate conductance probes were installed (Fig.2) . Three upstream the bend, at 1175, 660 and 145 mm and six downstream the bend at 145, 660, 1175, 1690, 2205 and 2720 mm respectively from the bend. The first probe is installed at 3935 mm distance after the mixer.
Fig.2 Repartition of the conductance probes along the test se ction
The probes were constructed by mounting two stainless steel plates between a set of acrylic blocks and machining a hole through them so that they were flush with pipe inner wall. figure 3 and detailed description of the proposed electronic circuit is presented in Morsi [14] and Morsi et al. [15] .
Fig.3 Schematic diagram of the electrical conditioning circuit Morsi et al. [15]
In the present study, the probes have been excited by signal of 100 kHz frequency, in such a way that the imaginary part of the impedance becomes negligible with respect to the real part.
The impedance is therefore purely resistive.
The output voltage (Vout) given by the probe is proportional to the resistances of the twophase mixture. This response is converted to dimensionless conductance (Ge * ) by referring to the value obtainable when the pipe is full of liquid (Vfull). To account for the variation in At the highest gas superficial velocity of 3.95 m/s, stratified wavy flow is present in the horizontal pipe. It is characterized by small fluctuations and a high peak with a large base.
This increase in the superficial gas velocity intensifies the instability of the liquid slug and creates the breakup of the Taylor bubbles in the vertical pipe; the churn flow is than observed with a peak at high void fraction with tails extending down to 0.2.
Cross sectionally average void fraction
The evolutions of the average void fractions upstream and downstream of the bend as function of the gas superficial velocities for a given liquid superficial velocities are plotted in Nicklin et al. [20] which is given as Equation (1): (1) Where and are the superficial velocity of the liquid and the gas respectively, D the diameter of the tube, g the acceleration due to gravity and a coefficient close to 1.2.
In the present study is found to be equal to 1.12 and the second term of the right side of equation (1) One can remark that for the case of low liquid superficial velocity the frequency is persistent from horizontal to vertical pipe only for the two lowest gas superficial velocities and increases for the other gas superficial velocities. On the other hand for high liquid superficial velocity, Fig. 11 , it is evident that for the all superficial gas velocities the frequency remains persistent. Sensor tomographic technique by Abdulkareem [21] using air/silicone oil in a 67 mm diameter pipe which could be set at the angles indicated. It shows how the frequency is much higher for vertical pipes than a horizontal one. This is in contrast to the present work.
However, the present system is showing persistence of frequency. 
Slug length for slug flow
As known the PDF signature of a slug flow is characterized by two peaks. The one at lower void fraction, , corresponds to the liquid slug. The higher value peak at relates to the Taylor bubble or gas plug. These void fractions of liquid slugs and gas plugs can be used to extract quantitative information about the lengths of the liquid slugs and gas plugs or Taylor bubbles when the pipe is positioned vertically. For a vertical pipe an analysis for this was proposed by Khatib and Richardson [22] , who implicitly assumed that the length of the liquid slugs and Taylor bubbles were constant. Their approach results in an equation which can be rearranged to give the fractional liquid slug length explicitly as:
The length of the slug unit, Lu, the sum of the lengths of Taylor bubbles and of liquid slugs, = Ls + LTB, can be obtained from the velocities, , and frequencies, f, of Taylor bubbles, as Lu =  Some experiments showed persistence of frequency while others showed an increasing in the structure frequency as the flow moved from horizontal to vertical pipe.
 The slug length increase by passing through the bend. 
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